Peroxy radicals (hydroperoxy radical HO2 and organic peroxy radicals RO2, collectively known as PO2) play a critical role in atmospheric chemistry. 1, 2 Accurate measurement of those species is important to understand the chemical processes occurring in the atmosphere. Chemical amplifier (CA) is a widely used technique to measure peroxy radicals both in field observation and laboratory work owing to its relatively light weight and low cost. The details of the technique can be found elsewhere. 3, 4 Briefly, it utilizes a series of chain reactions through which initial small amounts of HO2 are converted to large amounts of NO2 in the presence of excess amounts of NO and CO: AF, a key parameter for a CA instrument, can be obtained by calibration of the instrument against a known concentration of radicals. Thus, AF actually corresponds to the calibration factor (CF) for the instrument. The widely used calibration source is HO2. However, the conversion efficiency of RO2 into HO2 in CA is not unity and varies with the structure of the organic group R. This is mainly due to the coexistence of reactions (R6) and (R7), which compete with (R4) and (R5):
Introduction
Peroxy radicals (hydroperoxy radical HO2 and organic peroxy radicals RO2, collectively known as PO2) play a critical role in atmospheric chemistry. 1, 2 Accurate measurement of those species is important to understand the chemical processes occurring in the atmosphere. Chemical amplifier (CA) is a widely used technique to measure peroxy radicals both in field observation and laboratory work owing to its relatively light weight and low cost. The details of the technique can be found elsewhere. 3, 4 Briefly, it utilizes a series of chain reactions through which initial small amounts of HO2 are converted to large amounts of NO2 in the presence of excess amounts of NO and CO: HO2 + NO ⎯→ NO2 + OH (R1) AF, a key parameter for a CA instrument, can be obtained by calibration of the instrument against a known concentration of radicals. Thus, AF actually corresponds to the calibration factor (CF) for the instrument. The widely used calibration source is HO2. However, the conversion efficiency of RO2 into HO2 in CA is not unity and varies with the structure of the organic group R. This is mainly due to the coexistence of reactions (R6) and (R7), which compete with (R4) and (R5):
As a result, the CF for RO2 (CFRO 2 ) is not equal to the CF for HO2 (CFHO 2 ) and varies with different RO2. On the other hand, atmospheric RO2 can differ with the locations. Therefore, it is significant to search for a calibration method for RO2 measurement. Hastie et al. 4 employed a calibration source of peroxyacetyl radical from thermal decomposition of PAN (peroxyacetyl nitrate, CH3CO3NO2) and obtained a CF of 120. Clemitshaw et al. 5 calibrated their CA using a source of CH3O2 from the photolysis of CH3l at 253.7 nm in air and obtained a CF of 175.
In this paper, we propose a different method to determine the CF for methyl and ethyl peroxy radicals. As far as we know, the method has not been reported to date.
Experimental
It is known that photolysis of water vapor in air leads to production of equal amounts of HO2 and OH: 6
At the same wavelength, O3 is produced simultaneously, and served as an internal actinometer to quantify the generated radicals: 
where ΦHO X (ΦHO X = 1) is the quantum yield of the OH and HO2 formation, ΦO 3 (ΦO 3 = 2) is the quantum yield of O3 formation, σH 2O and σO 2 are the cross section of H2O (σH 3O = 7.1 × 10 -20 cm 2 ) 7 and O2 (σO 2 = 1.2 × 10 -20 cm 2 ) 8 at 184.9 nm. Usually, the radical source is used to produce only HO2. This is achieved by doping the air stream with sufficient CO to fully convert the OH to HO2 via (R2) and (R3). In order to produce the desired RO2, we introduced methane and ethane instead of CO into the photolytic cell, respectively, which would lead to formation of CH3O2 and C2H5O2, respectively, via (R11) and (R12):
A simple calculation shows that when the concentration of methane and ethane reaches to ∼2200 and ∼60 ppmv, respectively in the cell, the OH is believed to be converted to CH3O2 and C2H5O2 quantitatively. The radicals were generated in a quartz cell (2.6 cm i.d., 50 cm length) when a flow of humidified zero air at a rate of 16 SLM passed through a slit exposed to the irradiation at a wavelength of 184.9 nm line emitted from a low-pressure mercury lamp (UVE-5P, Sen Lights Corporation).
The concentration of water vapor and O3 in the cell was measured with a commercial chilled-mirror dew-point meter (Model 2586; Yokogawa Electric Works) and an ozone analyzer (Model 49C; TECO), respectively. The generated radicals were sampled at a flow rate of 1.3 SLM via a Teflon tube (i.d., 1.59 mm; length, 12 cm) and detected at the normal condition for CA instrument (3 ppm NO and 10% CO). The NO2 concentration was measured using a commercial luminol detector (LMA-3; Scintrex/Unisearch) which detects NO2 based on the chemiluminescence reaction between NO2 and luminol solution (Luminol II; Unisearch Associates Inc.). 10 To confirm the linearity and quantify the sensitivity of the luminol detector, multiple point calibrations were performed routinely using a standard NO2 gas (10.5 ppmv; Takachiho Chemical Industrial Co. Ltd.) which was diluted with a dilution instrument (AFC-120; Kimoto Electric Co., Ltd.) prior to use. The calibrations were carried out in the presence of 3 ppm NO and 10% CO to eliminate possible interferences from them.
During the residence time tr (∼0.01 s) in the tube, some radicals were subject to loss due to gas phase and wall reactions. Under the conditions of this experiment, the gas phase reactions are dominated by the self-reactions of HO2 and the crossreactions between HO2 and RO2. At the highest total radical level of 80 pptv, the lifetime τ due to the gas phase reactions was estimated to be 301 s for HO2, 168 s for CH3O2 and 109 s for C2H5O2, significantly longer than tr. Therefore, the gas phase reactions were not important for radical destruction. The
wall loss of the radicals during the transport in the tube was estimated using a factor of exp(-kw·tr) assuming the first order kinetics of the radicals to the wall, where kw is the wall loss rate constant. A wall loss rate constant of 2.0 s -1 for HO2 (kHO 2 ) was obtained based on the decay of measured modulated NO2 signals with the different lengths of the tubes. The previous work 9 showed that the wall loss rate constant for RO2 was smaller than kHO 2 by a factor of 3 on the surface of Teflon tube. Thus, the total radical loss was estimated to be less than 2% under the current instrument configuration and operation conditions. Since the OH in the radical generator were almost fully converted into RO2 and the losses of HO2 and RO2 were insignificant during the sampling processes, it is expected that the calibration source produced the same amounts of HO2 and RO2. In addition, the possible interference from the added hydrocarbon (HC) to the sensitivity of the radical detector was also tested using a box model; no evident impact was found with the concentration of the HC used.
In the case of the radical source which produces only HO2, [NO2]amp is expected to be proportional to [HO2]0:
[NO2]amp = CFHO 2 
Results and Discussion
Experiments were conducted at atmospheric pressure and room temperature under three cases. In case 1, the radical source produces only HO2. In case 2, the radical source produces equal amounts of HO2 and CH3O2. In case 3, the radical source produces equal amounts of HO2 and C2H5O2. For all the cases, the modulated NO2 signals were found to have a good linear correlation with initial total radical concentration within the range of 20 -80 pptv (see Fig. 1 ). The offsets in Fig. 1 originated from the zero signals of CA as detailed by Hastie et al. 4 From the slopes in Fig. 1 and formula (F4) , the CF for CH3O2 and C2H5O2 can be obtained (see Table 1 ). Since the CF is sensitive to the design of the CA inlet, the CF obtained from different CA can not be compared directly. However, the ratio of CFRO 2 to CFHO 2 can be compared because the ratio represents in principle the conversion efficiency (CE) of RO2 to HO2 in CA. On the other hand, the CE can be calculated theoretically. For simple alkyl peroxy radicals (nC ≤ 4, nC stands for the number of the carbon atoms), CE is equivalent to the product of 11 where k is the rate constant. The CEs obtained from both experiment and theoretical calculations are summarized also in Table 1 , from which we can see that the measured CE for CH3O2 by this work is in good agreement with an experimental value from Ref. 11. Moreover, the CE for CH3O2 and C2H5O2 obtained by this work are in agreement with those derived by the theoretical calculations.
In conclusion, the calibration method presented here can be used to determine the CF for small alkyl peroxy radicals such as CH3O2 and C2H5O2. The derived CEs indicate that CA can measure CH3O2 and C2H5O2 with a sensitivity larger than 85% of HO2.
